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Antibiotic resistanceMelittin, the major component of the honey bee venom, is a 26-residue hemolytic and membrane active
peptide. Structures of melittin determined either in lipid environments by NMR or by use of X-ray
demonstrated two helical regions at the N- and C-termini connected by a hinge or a bend at the middle. Here,
we show that deletion of the hinge residues along with two C-terminal terminal Gln residues (Q25 and Q26),
yielding a peptide analog of 19-residue or Mel-H, did not affect antibacterial activity but resulted in a
somewhat reduced hemolytic activity. A diastereomer of Mel-H or Mel-dH containing D-amino acids [dV5,
dV8, dL11 and dK16] showed further reduction in hemolytic activity without lowering antibacterial activity.
We have carried out NMR structures, dynamics (H–D exchange and proton relaxation), membrane
localization by spin labeled lipids, pulse-ﬁeld-gradient (PFG) NMR and isothermal titration calorimetry (ITC)
in dodecylphosphocholine (DPC) micelles, as a mimic to eukaryotic membrane, to gain insights into cell
selectivity of these melittin analogs. PFG-NMR showed Mel-H and Mel-dH both were similarly partitioned
into DPC micelles. ITC demonstrated that Mel-H and Mel-dH interact with DPC with similar afﬁnity. The
micelle-bound structure of Mel-H delineated a straight helical conformation, whereas Mel-dH showed
multiple β-turns at the N-terminus and a short helix at the C-terminus. The backbone amide-proton
exchange with solvent D2O demonstrated a large difference in dynamics between Mel-H and Mel-dH,
whereby almost all backbone protons of Mel-dH showed a much faster rate of exchange as compared to Mel-
H. Proton T1 relaxation had suggested a mobile backbone of Mel-dH peptide in DPC micelles. Resonance
perturbation by paramagnetic lipids indicated that Mel-H inserted deeper into DPC micelles, whereas Mel-dH
is largely located at the surface of the micelle. Taken together, results presented in this study demonstrated
that the poor hemolytic activity of the D-amino acid containing analogs of antimicrobial peptides may be
correlated with their ﬂexible dynamics at the membrane surface.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Linear alpha helical antimicrobial peptides (AMPs) are abundantly
present, over 150 in AMSDb database, in all life forms [1–7]. These
peptides are usually short (b40 residues) and rich in non-polar and
cationic amino acids. Although in free solution, they exist in largely
unstructured conformations, however, upon interactions with lipids
or in the presence of organic co-solvents amphipathic helical struc-
tures are readily stabilized [8–12]. As a mode of their action, this class
of peptides efﬁciently permeabilizes both the outer and inner
membranes of the microorganisms following one or more types of
mechanisms e.g. barrel stave, toroidal pore, or carpeting the target
cells [13–15]. Structure–activity relationship (SAR) studies have been).
ll rights reserved.extensively carried out for helical antimicrobial peptides to under-
stand mechanism of cell lysis, to improve broad spectrum property
and elimination of cyto-toxicity [2,12,16–18]. Sequence modiﬁcations
studies suggested that cell selectivity of the helical AMPs may involve
several parameters including hydrophobicity, amphipathicity and
structuring in lipid membranes [2,12]. Although, a consensus of ideal
parameters appeared to be difﬁcult to deduce, however, a high ratio of
hydrophobic to cationic residues tends to decrease cell selective
property of antimicrobial peptides [2,12].
Melittin, a major component of the venom of European honey bee,
is a 26-residue membrane active peptide [19]. Melittin is highly
cytolytic, causes efﬁcient lysis of red blood cells at a very low con-
centration and also possesses antibacterial activities towards Gram
negative and Gram positive bacteria [20,21]. Therefore, the dissoci-
ation of hemolytic and antibacterial activities would be desirable to
obtain melittin based antimicrobials. Interactions of native melittin
with various types of lipid membranes have been extensively inves-
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of cell lysis [22–25]. Melittin has also been utilized as a model
membrane-seeking peptide to obtain energetics of phospholipids/
protein interactions [26]. In order to explore correlations of hemolytic
and antibacterial activities melittin has been subjected to a number of
sequence modiﬁcation studies including deletion and single residue
omissions [27–29], residue replacements [30,31], and hybrid peptide
generations [32–35]. The hybrid antimicrobial peptides obtained
from magainin and melittin e.g. MSI-78 or MSI-594 [34,35] and
ceceropin-melittin [32,33] showed lower hemolytic activities as
compared to melittin. Replacements of Leu or Ile residues with Ala
or peptoid residues in native melittin had rendered less hemolytic
melittin analogs [30,31]. A C-terminus 15-residue fragment of
melittin demonstrated to have antimicrobial activities but lacks
hemolytic activity [29]. Cell selective nature of these analogs was
proposed to be originated due to an overall change(s) in physico-
chemical parameters or inability of the analogs to associate in the
solutions or in membranes. Shai et al. demonstrated that enantio-
meric replacements, i.e. a change of L-amino acid with D-amino acid,
had signiﬁcantly reduced hemolytic activity of melittin without
affecting antimicrobial activities [36–39]. This strategy was employed
in other antimicrobial peptides resulting in reduction in hemolytic
activities [40–42]. Apart from cell selective lysis, antimicrobial
peptides containing D-amino acids in their sequences may contain
additional advantages including controlled intra-cellular proteolytic
degradation and a probable lack of interactions with cellular proteins
[36]. Melittin is known to adopt a tetrameric helical structure in
crystal and a monomeric helical structure, determined by NMR, in
zwitterionic DPC micelles or in lipid bilayers [43–46]. The X-ray
structure [43] and also the DPC micelle-bound structure [44] ofFig. 1. (Panel A) Peptide sequence and structural parameters of melittin and its deletion anal
residues, cationic residues and polar residues are marked as red, blue and green, respecti
calculated according to Eisenberg scale.melittin showed a conspicuous bend/kink around residues T10–P14.
A recent solid state NMR study using magnetically aligned DMPC
bilayer demonstrated that melittin adopts a trans-bilayer orientation
with a kink at the middle [46]. It is also noteworthy that bend helical
structures of melittin had also been deduced in organic solvents
[47,48]. A partial helical structure of melittin restricted to the C-
terminus residues had recently been deduced, limiting helical
propagation at residues T10–P14 and the entire N-terminus, in
lipopolysaccharide, the outer membrane lipid of Gram negative
bacteria [49]. The plausible functional and structural roles of this
hinge region of melittin are not clearly known. Similar bend con-
formations had also been determined in other helical antimicrobial
peptides including pardaxin [50], MSI-594 [35] and LL37 [51], the only
helical cathelicidin peptide of human.
In this work, we have investigated in terms of activities, micelle-
bound structures, dynamics and localization of the hinge deleted
analog of melittin or Mel-H and its diastereomer or Mel-dH. We found
that Mel-H and Mel-dH both contain antibacterial activities similar to
melittin. Mel-H exhibits a lower hemolytic activity as compared to
melittin. However, as expected, Mel-dH contains even lesser hemo-
lytic activity. In order to gain mechanistic insights into the inability of
the D-amino acid containing antimicrobial peptides to destroy
mammalian cells, we have chosen zwitterionic DPC micelles to
mimic neutral lipid environment of eukaryotic cellular membrane
[51,52] for structure, dynamics, lipid binding afﬁnities, andmembrane
localization studies. Both analogs, Mel-H and Mel-dH show similar
partitioning and binding afﬁnities to DPC micelles as suggested by
PFG-NMR and ITC experiments. In DPC micelles Mel-H adopts a
straight helical structure whereas Mel-dH forms a non-helical
compact amphipathic structure. Interestingly, Mel-H and Mel-dHogs. (panel B) Helical wheel projection of melittin (left) andMel-H (right). Hydrophobic
vely. H is the hydrophobicity and μ is the mean hydrophobic moment of the peptide
Table 1
Antimicrobial and hemolytic activities of Mel-H and Mel-dH.
Peptides MIC (μM) Hemolytic activity (%)
E. coli P. aeruginosa
(ATCC27853)
S. aureus
(ATCC25923)
0.4 μM 23 μM
Mel-H 11.25 11.25 5.6 28 42
Mel-dH 12.50 12.50 6.2 5 12
Melittin 11.25 11.25 5.6 100 100
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Whereby, Mel-dH has demonstrated a surface localization with a
higher mobility in DPC micelles. Our results shed novel mechanistic
insights into the plausible roles of structures and dynamics that may
be important for explaining basis of cell selective interactions by
diastereomeric antimicrobial peptides.
2. Materials and methods
2.1. Peptide synthesis, melittin and lipids
Crude Mel-H and Mel-dH, peptides were purchased from GL
Biochem (Shanghai) Ltd and puriﬁed by reverse phase HPLC. Melittin
and DPC were obtained from Sigma and Avanti Polar Lipids, res-
pectively. Deuterated DPC-d38 was purchased from Cambridge
Isotope Laboratories (CIL. Inc.).
2.2. Hemolytic assay
Fresh human red blood cells (hRBCs) were washed thrice with
10 mM PBS (phosphate buffer saline), at pH 7.4 by centrifugation for
10 min at 800 g and resuspended into PBS to a ﬁnal concentration ofFig. 2. Thermodynamics of interaction between Mel-H (in panel A) and Mel-dH (panel B) w
either 5 μMMel-H or Mel-dH peptides kept in the sample cell in water pH 6 at 30 °C. Typical
was constantly stirred at 300 r.p.m. Plots of heats of reaction as a function of either Mel-H/1×109 erythrocytes/ml. Equal volume of erythrocytes were incu-
bated with varied concentrations of the peptides with shaking for 1 h.
Sampleswere centrifuged at 900 g for 15min at 4 °C. The RBC lysis and
release of hemoglobin as a function of concentrations of peptides
were measured at an optical density of 540 nm. The maximal (100%)
hemolysis was determined using 2% Triton X-100 as a control.
Percentage of hemolytic activity of the peptides was calculated rela-
tive to Triton X-100 sample [53].
2.3. Antibacterial assay
The antimicrobial activities of the analog peptides and melittin
were analyzed with Gram negative Escherichia coli, Pseudomonas
aeruginosa (ATCC 27853) and Gram positive Staphylococcus aureus
(ATCC 25923) strains. Mid-log phase bacterial cells obtained from an
overnight culture were washed thrice with 10 mM sodium phosphate
buffer, at pH 7.4 by centrifugation at 4000 r.p.m for 10 min at 4 °C. The
resuspended pellet was diluted to an optical density of 0.2 at 600 nm.
In a 96-well microtiter plate equal volumes (50 μl) of the
corresponding bacterial strains were incubated with serially diluted
peptides for 3 h at 37 °C. The incubated bacteria were then streaked on
to Muller Hilton agar plates. The lowest concentration at which the
peptide inhibited complete growth of the bacteria was taken as the
MIC value of the peptide for the corresponding bacterial strains.
2.4. Isothermal titration calorimetry (ITC) studies
All ITC experiments were performed on VP-ITC calorimeter (Micro
Cal Inc, Northampton, MA) at 30 °C. Peptide and DPC micelles were
dissolved in water at pH 6.0. DPC micelles were loaded into the
syringe. The reference cell was ﬁlled with unbuffered water at same
pH. Titrations were performed with addition of 5 μl aliquots ofith DPC micelles. ITC traces were obtained by titrating 5 μl aliquots of 100 mM DPC into
ly twenty injections of lipid were performed at an interval of 4 min and the reaction cell
DPC or Mel-dH/DPC molar ratio were obtained using a non-linear least square ﬁt.
Table 2
Thermodynamic parameters obtained for Mel-H and Mel-dH interactions with DPC
micelles in water at pH 6, 30 °C.
Peptide Ka (M−1) ΔH (kcal/mol) ΔG (kcal/mol) TΔS (kcal/mol)
Mel-M 49.9×106 −8.0 −10.7 2.7
Mel-D 43.5×106 −6.0 −10.6 4.6
Fig. 3. Chemical shift deviations from random coil values for CαH (in light grey bars)
and 13Cα (in black bars) resonances of Mel-H (in panel A) and Mel-dH (in panel B)
bound to deuterated DPC micelles.
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Mel-dH. The reaction cell was constantly stirred at 300 r.p.m and the
heat exchange was recorded. The resulting data were integrated with
Micro Cal Origin 5.0 after correction for the heat of dilutions. A single
site binding model provided with software was ﬁtted to the data by a
non-linear least square analysis yielding equilibrium association
constant (Ka) and the enthalpy change, ΔH. The Gibb's free energy
change ΔG and entropy change ΔS were calculated from the
fundamental thermodynamic equations ΔG=−RT lnKa and ΔS=
(ΔH−ΔG)/T, respectively.
2.5. NMR experiments
All NMR experiments were performed on a Bruker DRX 600 MHz
spectrometer, equipped with a cryoprobe. For structure determina-
tion of Mel-H andMel-dH, 0.5mMof the peptides at pH 3.2 were used.
For DPC-d38 (200 mM) micelle-bound structure determination, 2-D
1H-1H TOCSY (mixing time=80 ms), 2-D 1H-1H NOESY (mixing
time=200ms) and 13C-HSQC (natural abundance) of bothMel-H and
Mel-dH at 310 K, were performed. Hydrogen deuterium exchange
experiments were carried out by acquiring a series of 2-D 1H-1H
TOCSY (mixing time=80 ms) with 90 min interval at 310 K. The
lyophilized samples of peptide and DPC micelle were directly
dissolved in 100% D2O and TOCSY spectra were collected as a function
of time. Paramagnetic Relaxation Enhancement (PRE) experiments
were performed by addition of aliquots of either of 5-doxyl-stearic
acid (5-DSA) or 16-doxyl-stearic acid (16-DSA) dissolved in deuter-
ated methanol into sample containing micelle-bound peptides. NMR
experimental parameters were kept constant for all the measure-
ments except for the changes in probe tuning and ﬁeld shimming. The
intensities of the cross peaks were measured before and after the
addition of the paramagnetic probes. The results were plotted in
terms of Remaining amplitude (RA)=A (probe)/A (0), where A
(probe) and A (0) are the intensity of the cross peaks after and before
the addition of probe, respectively [54]. The proton longitudinal
relaxation (T1) measurements of the micelle-bound peptides were
measured with relaxation delays of 5 ms, 40 ms, 80 ms 130 ms,
210 ms, 330 ms, 470 ms, 630 ms, 800 ms and 1000 ms. T1 values were
determined by ﬁtting the signal intensities to a single exponential
function. The hydrodynamic radii of the micelle-bound Mel-H and
Mel-dH were determined using pulse-ﬁeld-gradient NMR method
with PG-SLED pulse sequence at 310 K. Native melittin peptide
dissolved in 200mMDPC-d38 micelle was used as a control. A series of
1-D proton NMR spectra with incremented gradient strength from 2
to 95% was acquired. The proton signal decay was then ﬁtted to a
single Gaussian expression: I(g)=Ae−dg2, where I, g, and d represent
intensity of the signals, gradient strengths and decay rates, respec-
tively. The hydrodynamic radius was calculated using the equation
Rh=dref /d×Rhref where Rh is the hydrodynamic radius of the
peptide/DPC micelle complex, dref and d are the decay rate of the
reference molecule, CH3COO− and peptide/DPC micelle complex,
respectively. The hydrodynamic radius of CH3COO− was taken as
2.3 Å [55].
2.6. NMR derived structure calculations
Structure calculations were carried out using the DYANA program
[56]. Inter-proton distances for the peptide-DPC micelle-bound
structure were obtained from the 2-D 1H-1H NOESY spectra. NOESY
peaks were categorized as strong, medium and weak based on the
signal intensity and were translated into distance constraints as 2.5 Å,
3.5 Å and 5.0 Å, respectively. Additionally, dihedral angle restraints
were obtained from TALOS [57] using Cα and Hα chemical shifts and
were used for structure calculation with ±25° variation from the cal-
culated dihedral values. Several rounds of structure calculations were
performed. Depending on the NOE violations the angle and distanceconstraints were adjusted. 100 structures were calculated and only 20
lowest energy conformers were selected for the NMR ensemble.
3. Results
3.1. Design of hinge deleted analog of melittin
Three-dimensional structures of melittin determined either by
X-ray or NMR had indicated that molecule adopts helical structure
with a bend (∼120°) at the middle. A stretch of residues T10–P14
(Fig. 1) is found to be involved in stabilizing a curved or kinked
geometry of melittin. Crystal structure of melittin shows non-helical
hydrogen bonding pattern in this segment e.g. amide nitrogen of
residue L13 is hydrogen bonded to carbonyl oxygen of residue V8 (i to
i+5) and carbonyl oxygen residue T10 cannot form hydrogen bond
with P14 [43]. Furthermore, backbone dihedral angles (ϕ, ψ) of resi-
dues T11 and G12 showed signiﬁcant deviations from an ideal helical
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Mel-H, lacking these residues T10–P14 (Fig. 1A). In order to shorten the
peptide, the last two Gln residues are also removed. Since, previous
studies demonstrated that these residues are not essential for anti-
microbial or hemolytic activities of melittin [28]. We have also syn-
thesized a diastereomer of Mel-H containing D-amino acid at dV5, dV8,
dL11 and dK16 positions (Fig. 1A). In comparison to melittin, Mel-H
contains, based on the sequence, a higher hydrophobicity and a lower
hydrophobic moment or amphipathicity (Fig. 1A). Fig. 1B represents
the helical wheel projections of melittin and Mel-H comparing distri-
bution of residueswith the removal of hinge. The hydrophobicity of the
diastereomer of Mel-H or Mel-dH appears to be slightly higher than
Mel-Has suggestedby a longer retention time inHPLC column(Fig. 1A).
3.2. Antibacterial and hemolytic activities of the analogs
The antimicrobial activities of melittin, Mel-H and Mel-dH were
analyzed against Gram negative bacterial strains E. coli, P. aeruginosa
(ATCC 27853) and Gram positive strain S. aureus (ATCC 25923)Fig. 4. (panel A) Sections of two-dimensional 1H-1H NOESY spectra ofMel-H showing NOE co
left) and NOEs involving backbone amide protons (panel A, right). (panel B) Sections of two-
indole NɛH of W14 with aliphatic resonances (panel B, left) and NOEs involving backbone am
d38, 0.5 mM peptides in aqueous solution, at 310 K.(Table 1). The MIC values determined for melittin are in agreement
with previous reports [29]. Mel-H demonstrated high antimicrobial
activities against E. coli, P. aeruginosa and S. aureus, akin to native
melittin (Table 1). The diastereomeric analog, Mel-dH, also exhibited
potent antimicrobial activities against all three organisms (Table 1).
Experiments were repeated three times and similar results were
observed. These data suggest that that the removal of hinge residues
from melittin sequence and further incorporation of D-amino acids
have no signiﬁcant effects in the antimicrobial activities. By contrast,
the hemolytic activity of the Mel-dH peptide is found to be
signiﬁcantly lower as compared to melittin and Mel-H (Table 1).
The Mel-H peptide showed N42% hemolysis at a peptide concentra-
tion of 23 μM, which is higher than its MIC values (Table 1).
Previously, a melittin diastereomer containing D-amino acids at dV5,
dV8, dI17, and dK23 positions had shown reduction in hemolytic acti-
vity [37]. Taken together, these functional studies demonstrate that
the hinge region of melittin is not indispensable for antimicrobial
activities. The hemolytic activity of Mel-H, observed at higher con-
centrations, suggests that residues involved in bent formation inntacts from the downﬁeld shifted indole NɛH ofW14with aliphatic resonances (panel A,
dimensional NOESY spectra of Mel-dH showing NOE contacts from the downﬁeld shifted
ide protons (panel B, right). The NOESY experiments were carried out in 200 mM DPC-
Fig. 5. Bar diagram summarizing the sequential and medium range NOE's observed for
deuterated DPC micelle-bound Mel-H (panel A) and (B) Mel-dH (panel B) obtained
from two-dimensional 1H-1H NOESY spectrum. The thickness of the bar corresponds to
the relative intensities of NOE cross-peak. Amino acid sequences of Mel-H and Mel-dH
are shown at the top.
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of the peptide. On the other hand, an extremely poor hemolytic acti-
vity and potent antimicrobial activities of the Mel-dH peptide, further
considering its shorter length, may be exploited for therapeutic
applications.
3.3. Partitioning and binding afﬁnities of the Mel-H and Mel-dH to
DPC micelles
The low hemolytic activity of Mel-dHmay potentially arise from its
reduced intrinsic afﬁnity to the zwitterionic lipids. The binding
afﬁnity and incorporation into DPC micelles of the Mel-H and Mel-dH
were thereby investigated by ITC and PFG-NMR methods, respective-
ly. Fig. 2 shows ITC thermograms and corresponding titration curves
for Mel-H and Mel-dH peptides. The binding and thermodynamic
parameters are listed in Table 2. Clearly, both peptides demonstrate
binding induced exothermic heat release as they form complex with
DPC micelles (Fig. 2). The DPC/peptide binding interactions appeared
to be driven by favorable changes in enthalpy, as indicated by the
downward trend of the ITC peaks (Fig. 2, top panels) and resultant
negative integrated heats (Fig. 2, bottom panels). The equilibrium
association constants (Ka) and thermodynamic parameters of Mel-M
and Mel-dH (Table 2) revealed that they have very similar binding
afﬁnity toward DPC micelles.
We have determined hydrodynamic radii of the DPC-d38/peptide
complexes by PFG-NMR bymonitoring decay of peptide resonances as
a function of gradient strength (see Materials and methods). The
peptide with lower partitioning into DPC micelles is expected to
exhibit a faster decay of NMR signals. Interestingly, both Mel-H and
Mel-dH demonstrated similar decay pattern of NMR signals in these
experiments (Supplementary Figure S1), indicating a very similar
incorporation into DPC micelles. The hydrodynamic radii of the
DPC/Mel-H and DPC/Mel-dH complexes are found to be 25.61 Å and
25.54 Å, respectively. These data suggest that both peptides are stably
held with the DPC micelles.
3.4. NMR studies of Mel-H and Mel-dH in DPC micelle
Comparison of one-dimensional proton NMR spectra of Mel-H and
Mel-dH, in the free and in presence of 200 mM DPC-d38, showed a
large dispersion in chemical shifts in micelle-bound states, indicating
both peptides exist in complex with micelles. Sequence-speciﬁc
proton resonance assignments were obtained by combined use of
two-dimensional TOCSY and NOESY spectra [58]. The deviation of
CαH and 13Cα chemical shifts from random coil values is a reliable
indicator of secondary structures [59]. A continuous helical structure,
residue I2-R19, for Mel-H can be deduced from the chemical shift
deviations (Fig. 3A), as indicated by the upﬁeld shifts of CαH and the
downﬁeld shifts of 13Cα resonances from random coil. By contrast,
the helical structure for Mel-dH appeared to be perturbed, restricted
only to the C-terminus residues S13-R19, due to the incorporation
of D-amino acids (Fig. 3B). The presence of a number of high inten-
sity sequential NH/HN and medium range CαH/NH (i to i+3) and
(i to i+4) NOEs typical of α helical structure can be identiﬁed along
the entire stretch of Mel-H, suggesting formation of a continuous
helical structure (Figs. 4A and 5A). Several sidechain/sidechain or
backbone/sidechain NOEs are also observed for Mel-H including
NOEs between A4-K7, W14-K18, A10-W14 and L11-I15. Notably, the
indole proton of W14 shows NOE contacts with sidechain protons of
Lys18 (Fig. 4A, left panel). These sidechain/sidechain NOEs involving
residues W19 and K23, were also observed in the native melittin in
DPC micelles [44].
By contrast, the NOESY spectra of Mel-dH in DPC micelle had
relatively lower number of NOE crosspeaks. The C-terminus of the
molecule showed sequential NH/NH NOEs and medium range
CαH/NH (i to +i+3) and (i to i+4) NOEs (Figs. 4B and 5B),indicating a helical conformation for these residues. On the other
hand, at the N-terminus, there were sequential HN/HN NOEs and
few CαH/HN (i to i+2) NOEs (Figs. 4B and 5B). The NOEs between
indole ring proton of W14 and K18 were not detected (Fig. 4B, left
panel).
3.5. Three-dimensional structures of Mel-H and Mel-dH in DPC micelle
An ensemble of 20 structures for Mel-H and Mel-dH in DPC were
calculated using DYANA (see Materials and methods). The superpo-
sition of the backbone atoms (Cα, C' and N) of the 20 lowest energy
structures of Mel-H and Mel-dH revealed that both peptides adopt a
deﬁned structure in DPCmicelles (Fig. 6). However, Mel-H has a lower
RMSD values for the backbone and all heavy atoms (Table 3). The
backbone dihedral angles (Φ, Ψ) were clustered at the most favored
regions at the Ramachandran plot for all the residues in Mel-H and in
Mel-dH (Table 3).
DPC-bound structure of Mel-H is determined by a straight alpha
helix encompassing residues I2-I15 (Fig. 7A). One face of the helix is
highly hydrophobic consisted of residues I2, V5, L6, V8, L9, I12 and I15
(Fig. 7A). The opposite face of Mel-H helix contains cationic residues,
K7, R17, K18 and aromatic residue W14, providing an amphipathic
property of the helix (Fig. 7A). The aromatic ring of W14 showed a
cation-π type packing interaction with residue K18 (Fig. 7A). The
continuity of hydrophilic or cationic face of the helix appears to be
disrupted by the packing of non-polar residues L6, A10 and L11
(Fig. 7A).
Solution structure of the Mel-dH peptide in complex with DPC
micelles showed multiple turns at the N-terminus presumably
nucleated by the D-amino acids (Fig. 7B). In these multiple turn
Fig. 6. Superposition of the 20 lowest energy structures of Mel-H (panel A) andMel-dH (panel B) peptides bound to DPCmicelles obtained from distance geometry calculations using
TALOS predicted dihedral angles and DYANA program.
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are found to be involved in the plausible hydrogen bond formations
with CfO of residues I2, dV5 and dV8 (Fig. 7C), respectively. In H–D
exchange studies of Mel-dH these amide protons including few others
from the C-terminus helical region were found to be protected from
immediate exchange with solvent (vide infra). Interestingly, despite
the lack of a continuous helical structure of Mel-dH, the sidechains are
found to be oriented into an amphipathic manner (Fig. 7B), whereby
non-polar residues I2, dV5, dV8, dL11, I12 and I15 are segregated into
one side of the structure. Despite the absence of NOE contacts, the
aromatic ring of W14 has been found to be in same region with
residue K18 (Fig. 7B).Table 3
Summary of the structural statistics of Mel-H and Mel-dH in deuterated DPC micelles.
Mel-H Mel-dH
Distance restraints
Total 127 98
Intra-residue (i− j=0) 60 41
Sequential (|i− j|=1) 37 38
Medium-range (2≤ |i− j|≤4)30 19
Long-range (|i− j|≥5) 0 0
Angular restraints (Ф, ψ ) 18 18
Distance restraints violations
Number of violations 6 6
Average violation ≤0.26 Å ≤0.35 Å
Maximum violation ≤0.26 Å ≤0.38 Å
Deviation from mean structure (for all residues)
Backbone (Cα, C′, and N) 0.30+/−0.17 Å 0.81+/−0.52 Å
Heavy atoms 0.94+/−0.21 Å 1.37+/−0.49 Å
Ramachandran plot for the mean structure
% residues in the most favorable and
additionally allowed region
100% 93.8%
% residues in the generously allowed region 0% 6.2%
% residues in the disallowed region 0% 0%3.6. Localization of Mel-H and Mel-dH in DPC micelles
The depth of insertion of Mel-M and Mel-dH into DPC micelles
were investigated by two nitro-oxide paramagnetic probes 5-doxyl-
stearic acid (5-DSA) and 16-doxyl-stearic acid (16-DSA). 5-DSA
with the paramagnetic doxyl moiety at the ﬁfth position affects
those residues that are located close to surface, while 16-DSA with
the spin label at the sixteenth carbon position perturb those resi-
dues which are deeply inserted in the lipid micelle [49]. Pertur-
bations were expressed as a ratio of remaining amplitude (RA) in
the presence of 5-DSA and 16-DSA lipids (Fig. 8). Interestingly,
residues I2-I15 of Mel-H show signiﬁcant perturbations (N50%) by
16-DSA, indicating these residues may be inserted into the non-
polar region of micelles (Fig. 8A). On the other hand, the four
positively charged residues, KRKR, at the C-terminus of Mel-H could
be located at the micelles surface as these residues are largely
affected only by 5-DSA (Fig. 8A). The resonance perturbations
induced by the paramagnetic probes for Mel-dH can be obtained for
all but residues K7, L9, A10 and K16 as a result of resonance overlap
(Fig. 8B). Signiﬁcant resonances perturbations by both the lipids
can be seen indicating Mel-dH is also inserted into DPC micelles
(Fig. 8B). Interestingly, residues dV5, L6, dV8, dL11 and I12 demons-
trate a more reduction in signal intensities, indicating a deeper
localization of these non-polar residues into the micelles (Fig. 8B). A
comparative analysis of resonance perturbation of the two peptides
by the paramagnetic lipids indicates that 16-DSA is an effective
quencher against Mel-H, whereas 5-DSA appears to have a more
pronounced effect for the diastereomer, Mel-dH (Fig. 8C). A larger
perturbation of the hydrophobic residues at the N-terminus of Mel-
H, as compare to the positively charged C-terminus, indicates that
the N-terminus of the peptide may be located inside the hydro-
phobic core of micelles. Taken together, we propose that Mel-H
might adopt a perpendicular or an oblique orientation, rather than a
Fig. 7. Ribbon representation of the average DPC-bound NMR structures of Mel-H (panel A) and Mel-dH (panel B) showing disposition of the sidechain contacts. (panel C) A stick
representation of the backbone structure of Mel-dH indicating plausible hydrogen bonds between residues I2 CfO to V5 H–N, V5 CfO to H–N V8, V5 C=O to H–N L9 and L9 CfO–H–
NL11 stabilizing the multiple turn conformations at the N-terminus of Mel-dH in DPC-bound state.
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perturbation by the both probes, presumably owing to the fast
dynamics of the peptide (see below), perturbation by 5-DSA was
more evident, indicating a plausible parallel orientation for Mel-dH
in DPC micelles (Fig. 8C).
3.7. H–D exchange and longitudinal relaxation (T1) studies of Mel-H and
Mel-dH in DPC micelles
Backbone amide-proton exchange rates of micelle-bound pep-
tides are plausible indicators of the stability of peptide/micelle
complex. Dynamics of Mel-H and Mel-dH in DPC micelles were
examined by H–D exchange studies and T1 relaxation measure-
ments. Freshly dissolved samples of Mel-H and Mel-dH showed a
number of amide protons those are protected against the exchange
(Fig. 9, panels A and C). However, most of these amide protons are
found to be rapidly exchanged with solvent D2O in case of Mel-dH
peptide (Fig. 9D). Low intense CαH/HN peaks in the TOCSY spectra
were observed for residues dV5, dV8, dL11 and I15 after 90 min ofexchange (Fig. 9D). There were no amide-proton signals of Mel-dH
after 180 min of exchange period (data not shown). On the other
hand, the amide protons of Mel-H including residues I2, G3, V5, L6,
K7, V8, L9, A10, L11, I12, W14 and I15 demonstrate a slow exchange
against the solvent (Fig. 9B). The amide protons of residues W14
and I15 were visible even after 12 h of exchange. These results
indicate that in complex with the zwitterionic DPC micelles DPC
Mel-H has a less conformational ﬂexibility as compared to its dia-
stereomer, Mel-dH.
To further analyze the large difference in the H–D exchange of the
micelle-bound peptides, proton T1 relaxation experiments were
performed. Relaxation measurements (T1 and T2) are excellent
indicators of dynamics of molecules. In these measurements, one
would expect higher T1 values for residues undergoing large scale
dynamics. The T1 value, 0.5 s, for the residue L11 sidechain methyl
groups, of Mel-H peptidewas found to be lower as compared to that of
Mel-dH, 0.72 s, in micelle-bound states (Fig. 10). T1 values were also
lowered for the aromatic ring protons of residue W14 in Mel-H,
indicating its less conformational ﬂexibility. The high T1 of Mel-dH in
Fig. 8. Bar diagram showing resonance perturbation of micelle-bound Mel-H (panel A) and Mel-dH (panel B) with spin labeled lipids 5-doxyl-stearic acid (5-DSA) and 16-doxyl-
stearic acid (16-DSA). 5-DSA perturbs amino acids at the surface and 16-DSA perturbs those at the interior of the lipid micelles. The CαH/NH cross peaks signal intensity were
estimated from 2D-1H-1H TOCSY spectrum of DPC micelle-bound peptides at 310 K at a various concentrations of spin labeled lipids. (panel C) A bar diagram showing ratio of
perturbation in 5-DSA and 16-DSA for Mel-H and Mel-dH peptides. A ratio of N1 clearly indicates corresponding residue to be perturbed predominantly by 16-DSA, indicating a
deeper penetration of the residue into the non-polar environment of micelles.
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the lipid micelles.
4. Discussion
Helical AMPs constitutes a large pool of host defense molecules in
every living organism [2,3]. Three-dimensional structures of many of
these AMPs show a tendency to adopt a bend or kinked conforma-tions in lipid micelles [34,50,51]. The functional and structural con-
sequences of these helix interrupting sequences are not clearly
understood. Melittin is arguably the most well studied membrane-
lytic amphipathic helical peptide. Three-dimensional structure of
melittin is characterized by a central bend that orients two helical
segments, at the N- and C-termini, into a deﬁned angle [43–46]. The
hinge region of melittin including the residue P14 has been impli-
cated into lipid interactions, membrane orientation, hemolytic acti-
Fig. 9. Two-dimensional 1H-1H TOCSY spectra of micelle-bound Mel-H and Mel-dH, obtained in D2O, showing slowly exchanging CαH/NH cross peaks. H–D exchange behavior of
Mel-H in a freshly dissolved sample (panel A) and after 270 min exchange (panel B). H–D exchange behavior of Mel-dH of a freshly dissolved sample (panel C) and after 90 min
exchange (panel D). NMR experiments were carried out at pH 3, 310 K.
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studies of melittin had demonstrated that deletion of Leu from the
TTGLP sequence had caused signiﬁcant reduction of the both
activities, antibacterial and hemolytic, of melittin [27]. Interestingly,
replacement of Pro14 in the hinge region with Ala had been found to
enhance the hemolytic activity of melittin [60] and altered its self-
aggregations, membrane binding and pore forming kinetics [61,62].
Incorporation of four D-amino acids, dV5, dV8, dI17 and dK21, into the
native melittin (26-residue) had yielded a low hemolytic peptide
containing antimicrobial activities [36]. Binding studies of melittin
and its diastereomer with different lipids showed that a low afﬁnityFig. 10. The proton longitudinal relaxation (T1) measurement of deuterated DPC micelle-b
intensity of an upﬁeld shifted methyl resonance at 0.86 ppm belonging to residue Leu11 frbinding of the diastereomer with the zwitterionic lipid vesicles
[36,37]. A Surface Plasmon Resonance (SPR) study had determined
kinetics of interactions of melittin and the diastereomer (dV5, dV8,
dI17 and dK21) with PC/cholesterol and PG/PE monolayers and
bilayers [38]. The authors had suggested that the poor hemolytic
property of the 26-residue diastereomeric form of melittin is related
to the inability of the peptide to insert into the inner layer of the lipid
vesicles [38]. An NMR structure of the diastereomer obtained in a
mixed lipid micelles (DPC/DMPG, 4:1) demonstrated a helical
structure at the C-terminus and a highly ﬂexible conformations for
the N-terminus region [39].ound Mel-H (left) and Mel-dH (right). T1 values were estimated by ﬁtting the signal
om 1-D proton NMR spectra obtained at 310 K, as a function of relaxation delays.
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of melittin, yielding a ∼19 residue peptide, does not affect its
antibacterial activity, although the high hemolytic activity of melittin
has been found to be reduced (Table 1). The diastereomeric analog,
Mel-dH, containing D-amino acids [dV5, dV8, dL11, dK16], possesses
antimicrobial activities, however, the hemolytic activity has been
drastically reduced. Incorporation of D-amino acids into antimicrobial
peptide sequences could be an attractive approach to develop cell
selective antimicrobial peptides. Such inclusion had often resulted in
disruption of hemolytic or cytotoxic properties of lytic peptides
without the expense of antimicrobial activities, including melittin,
pardaxin and gramicidin S [36,40–42]. However, the cell selective
behavior of these diastereomeric forms is not easily understood. Here,
we have utilized Mel-M and Mel-dH as a model system to elucidate
structural and dynamical aspects, obtained from DPC micelles, of
selective cell lysis. We have estimated binding afﬁnities of Mel-H and
Mel-dH with DPC micelles using ITC. It appears that Mel-H binds to
DPC micelles with slightly higher afﬁnity as compared to the Mel-dH
(Table 2). The lipid/peptide interactions are enthalpy driven
indicating ionic or hydrogen bond formation could be dominant in
stabilizing the complexes. In parallel with ITC, the NMR pulse-ﬁeld-
gradient studies demonstrate that Mel-H and Mel-dH both are equally
well partitioned into the zwitterionic lipid micelles (Fig. 2). In
complex with DPC micelles, Mel-H adopts a well deﬁned helical
structure without any evidence for kink or bend. Helical structures of
antimicrobial peptides obtained in lipid micelles are often character-
ized by bends. Micelle curvature has been thought to be responsible
for such distortion. The straight helical structure of Mel-H in DPC
micelles indicates that micelle curvature may not be an important
factor in inducing structural kink. The one face of the Mel-H helix is
highly non-polar due to the presence of array of hydrophobic residues
I2, V5, V8, L9, I12 and I15. The other face of the helix is of mixed
polarity containing non-polar residues L6, A10, L11 and W14 with
three positively charged residues K7, R17 and K18 (Fig. 7). The residue
W14 shows an interesting packing arrangement, whereby the
aromatic sidechain is sandwiched between residues L11 and K18,
demonstrating non-polar and cation-π type interactions in the
formation of the helical conformation (Fig. 7). DPC-bound structure
ofMel-dH peptide is found to be rather compact despite the disruption
of canonical helical structure due to the incorporation of several
D-amino acids into the sequence (Fig. 7). The N-terminus of Mel-dH is
stabilized by multiple β-turn conformations with a short helix at the
C-terminus (Fig. 7). The non-polar sidechains of residues I2, V5, L9,
A10, L11 and W14 reside in one face of the structure (Fig. 7). The four
cationic residues, KRKR, at the C-terminus are largely disordered. The
inter-sidechain interactions in the Mel-dH structure have signiﬁcantly
been reduced. Since, there was less number of NOE contacts among
the sidechains (Table 3). In particular the cation-π type packing
between residues W14/K18 was absent in the case of Mel-dH.
Therefore, our results demonstrate that Mel-dH acquires a folded
backbone conformation in zwitterionic DPC micelles but the interac-
tions among the sidechains are rather limited in the structure. We
envision that these conformational differences between Mel-H and
Mel-dH may be reﬂected into dynamics and micelle localization of the
peptides. We have utilized H–D exchange and proton T1 relaxation
measurements to describe the dynamics of Mel-H and Mel-dH. H–D
exchange studies in DPC micelles reveal that amide protons of Mel-dH
undergo a signiﬁcantly fast exchange with D2O (Fig. 9). On the other
hand, the amide protons of Mel-H peptide show a marked slow
exchange behavior. These data can be explained by a surface
localization of Mel-dH in micelles and/or intrinsic ﬂexibility in the
DPC-bound state of the peptide. The higher T1 values of Mel-dH
peptide demonstrate that a conformational ﬂexibility in DPC micelles
(Fig. 10). By contrast, the micelle-bound state of Mel-H peptide is
appeared to be much rigid with less conformational freedom as
suggested by the slow amide exchange and shorter T1 values ofprotons (Figs. 9 and 10). The micelle localization experiments probed
by the two paramagnetic doxyl lipids clearly show Mel-H is inserted
deeper into micelle whereas Mel-dH is anchored at the surface as
evidence by a larger perturbation of Mel-H andMel-dH by 16-DSA and
5-DSA, respectively (Fig. 8). These results provide new insights into
the molecular mechanisms of hemolytic activities of diastereomeric
peptides. Although, Mel-H and Mel-dH binds to lipid micelles
adopting folded amphipathic structures, it is likely that a larger
dynamics and surface localization of the Mel-dH peptide in zwitter-
ionic micelles may be responsible for the limited or low hemolytic
property. Such dynamic nature of the structure in lipid complexmight
prevent a better penetration of the diastereomeric peptide into the
cell membrane that is essential for lytic activity. It is worthy to
mention that the micelle-bound structures and dynamics of mem-
brane active peptides may have to be validated by further investiga-
tions using lipid bilayers. Thus, combined structural and dynamical
information obtained from lipid micelles and bilayer systems would
be undoubtedly helpful for better understanding of the molecular
mechanism of cell selective activity of antimicrobial peptides.
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